In Alzheimer disease (AD), increased nitric oxide synthase 3 (NOS3) expression correlates with apoptosis in cortical neurons and colocalizes with amyloid precursor protein (APP)-amyloid A (AA) deposits in the brain. In the present study we examined the potential role of NOS3 in relation to AD-type neurodegeneration using an in vivo model of gene delivery. Long Evans rat pups were given a single intracerebral injection of recombinant plasmid DNA containing the human NOS3 cDNA (p-hNOS3) or the luciferase (p-Luc) gene as a negative control, and complexed with polyamine reagent. Overexpression of NOS3 in the brain increased the levels of APP, APP-AA, p53, Tau, glial fibrillary acidic protein, and peroxisome proliferator activated receptors (PPAR) C and F and decreased the levels of Hu (neuronal marker) mRNA, phosphorylated glycogen synthase kinase 3A, ATP synthase, and choline acetyltransferase expression as demonstrated by real-time quantitative reverse-transcribed polymerase chain reaction, Western blot analysis, or immunohistochemical staining. These effects of NOS3 overexpression were accompanied by increased single-stranded DNA immunoreactivity, reflecting DNA damage. The results suggest that increased cerebral expression of NOS3 causes several molecular abnormalities related to AD-type neurodegeneration, including oxidative stress, mitochondrial dysfunction, and impaired acetylcholine homeostasis. The coexisting increases in PPAR-C and -F expression suggest that the adverse effects of NOS3 overexpression may be abated by PPAR agonist treatment.
INTRODUCTION
Nitric oxide (NO) is a free radical gas that functions as a diffusable neurotransmitter and inter-and intracellular signaling molecule in the brain (1) . At low concentrations, NO reversibly inhibits cytochrome oxidase in competition with oxygen and may have an important role in the physiologic regulation of cellular energy metabolism. At high concentrations, other respiratory chain complexes can be inhibited by nitrosylation of critical tyrosine residues or oxidation of protein thiols and removal of iron from the ironsulfur centers. Very high concentrations of NO promote the generation of peroxynitrite anion (ONOO -), a reaction product of superoxide plus NO, which causes irreversible inhibition of mitochondrial respiration and damage to various mitochondrial components via oxidizing reactions. Therefore, NO and its derivative peroxynitrite, inhibit mitochondrial respiration by distinct mechanisms. In addition to the direct effects of NO on cell function, many NOassociated physiologic actions are mediated through increased cGMP synthesis by soluble guanylate cyclase, leading to activation of signaling cascades involving cGMPdependent protein kinase (2, 3) .
Nitric oxide synthases (NOSs) generate NO through oxidation of the guanidino nitrogen of l-arginine. NOS1 and NOS3, initially identified in neurons and endothelial cells, respectively, are stimulated to synthesize NO by calcium/ calmodulin signaling (3, 4) . Expression of the NOS2 isoform has been detected in a number of cell types and typically is induced by lipopolysaccharide or proinflammatory cytokine stimulation (5Y7). In addition, the existence of a fourth NOS isoform, mitochondrial NOS, and its Ca 2+ dependence and relevance for mitochondrial bioenergetics were reported (8Y10). In disease states such as inflammation, infection, ischemia, excitotoxic injury, or neurodegeneration, the expression levels of one or more NOS isoforms may be increased. Elevated levels of NOS expression and NO synthesis can be either detrimental or essential to cell viability and function. For example, experimental treatment of cultured neurons with NO donors can cause growth cone collapse (11) , and, in vivo, high levels of NOS expression can inhibit postinjury neuronal regeneration (12) . These adverse effects of NO can be blocked by inhibiting NOS enzyme activity or gene expression (12Y14), enhancing superoxide dismutase activity (15) , treating cells with free radical/peroxynitrite scavengers (3), providing suitable growth factors after injury (4, 16) , repleting cofactors that favor NO signaling rather than free radical generation, or genetically depleting NOS (5, 17) . However, in some neurons, NO plays a key role in synaptic plasticity, longterm potentiation (18) , neurite outgrowth (16, 17) , and basal functions (8, 13) , indicating that abolishment of NOS gene expression or NOS enzyme activity, even in disease states, would not benefit all neurons and most likely would have harmful effects in the brain.
Dementia in Alzheimer disease (AD) is correlated with cell loss and synaptic disconnection (19) mediated by apoptosis, increased mitochondrial DNA damage, impaired mitochondrial function, and constitutive activation of proapoptotic mechanisms (20Y30). Previous studies linked AD neurodegeneration to elevated levels of NOS2 and NOS3 expression in degenerating cortical neurons (31Y34). Although the high levels of NOS2 observed in neurons with neurofibrillary tangles suggest a role for proinflammatory cytokine activation in association with neuronal loss in AD (34) , the more abundant and widely distributed abnormalities in NOS3 expression, combined with its early onset of aberrant gene expression in relation to the time course of cognitive impairment (31Y33), suggest that the NOS3 isoform has a pivotal role in the AD neurodegeneration cascade.
The mechanism by which NOS3 overexpression contributes to neuronal loss was partially elucidated from in vitro studies in which human central nervous systemderived neuronal cells were infected with recombinant adenovirus carrying the NOS3 cDNA (35) . Those studies demonstrated that NOS3 overexpression results in apoptosis and mitochondrial dysfunction accompanied by increased levels of proapoptosis molecules, including p53, p21/Waf1, Bax, and CD95. In that context, mitochondrial dysfunction was associated with increased oxidative stress, plasma membrane leakiness, mitochondrial permeability transition, and enhanced sensitivity to reactive oxygen species (35) . To extend our evaluation of NOS3-mediated neurodegeneration, we used recombinant plasmid DNA-based gene delivery to overexpress NOS3 in the brain. The objective was to determine the degree to which NOS3 overexpression causes molecular and biochemical lesions associated with AD-type neurodegeneration in vivo.
MATERIALS AND METHODS

Gene Delivery Model
Eight-day-old Long Evans rats were anesthetized with pentobarbital (40 mg/kg) and given intraventricular/ intracerebral injections of recombinant plasmid DNA containing the complete coding sequence of human NOS3 (p-hNOS3) (31) or luciferase (p-Luc) as a negative control. The cDNAs were ligated into the pcDNA3.1 vector (Invitrogen, Carlsbad, CA) in which gene expression was under the control of a cytomegalovirus promoter. Supercoiled plasmid DNA was purified using endotoxin-free columns (QIAGEN, Inc., Valencia, CA). For each animal, 10 Kg of recombinant plasmid DNA were complexed with 10 KL of the Mirus Transit In Vivo polyamine reagent (Panvera, Inc., Madison, WI), and then mixed with 10 KL of 10Â Transit In Vivo diluent plus 20 KL of sterile water. DNA-polymer solution (25 KL) was injected into the right lateral ventricle over a period of 5 minutes using a Hamilton syringe with a 26-gauge needle fixed in a stereotaxic frame. All animals survived the procedure and exhibited normal behavior within 10 minutes of awakening from anesthesia. There were no subsequent deaths, aberrant behaviors, or adverse responses such as failure to thrive, poor grooming, reduced physical activity, or weight loss. Rats were killed 1 to 7, 14. or 30 days after DNA inoculation to detect histopathologic lesions and assess changes in gene expression. Eight-day-old rats were used in this study because at that age the rat cerebrum is relatively well developed, the animals easily tolerated the injections, and central nervous system plasmid-based gene delivery could be achieved consistently. In contrast, exploratory studies demonstrated relatively poor plasmid-based gene delivery and expression in the adult rat brain. The procedures and use of rats in experiments were approved by 
Tissue Studies
Upon death, the brains were harvested and either immersion fixed in Histochoice fixative (Amresco Corp., Solon, OH) for paraffin embedding or sliced fresh to microdissect the temporal lobe. Fresh tissue was snap-frozen in a dry ice-methanol bath and stored at j80-C for mRNA and protein studies. For histopathologic and immunohistochemical studies, the fixed brains were sectioned in the coronal plane and embedded in paraffin. Histologic sections (8 Km thick) stained with hematoxylin and eosin were subjected to image analysis to measure the cross-sectional area of the right temporal lobe and cell density within the FIGURE 1. LacZ expression detected in brain tissue by enzyme histochemistry. Rat pups were given a single intraventricular/ intracerebral injection of recombinant plasmid DNA expressing luciferase (p-Luc) (A) or LacZ (BY YF) using polyamine reagent. Brains harvested 14 days later from the p-Luc-inoculated control (A), and pLacZ-inoculated experimental (BY YF) groups were analyzed for A-galactosidase activity (blue precipitate). Arrows point to leptomeninges (B), ependymal cells (C), choroid plexus (D), and cortical cells (E, F). (F) Higher magnification image demonstrates labeling of various cell types within the cortex and white matter. Scale bars = 25 Km. right temporal cortex at the level of the infundibulum. The measurements were made using ImagePro Plus software (Media Cybernetics, Inc., Silver Spring, MD). Size, shape, and color parameters for nuclei were preset, and the cell counting was automated with manual correction of computer errors. The slides were coded, and measurements were made by a coinvestigator who was naive to the experimental design. Adjacent paraffin sections were immunostained with antibodies to NOS3, glial fibrillary acidic protein (GFAP), proapoptosis genes (p53 and Bax), and amyloid precursor protein (APP)-amyloid A (AA). Immunoreactivity was detected with biotinylated secondary antibody, horseradish peroxidase-conjugated avidin-biotin complexes, and either NovaRed or diaminobenzidine (Vector Laboratories, Burlingame, CA) as the chromogen (22, 31).
Quantitative mRNA Studies mRNA expression levels were evaluated using quantitative real-time reverse-transcribed (RT) polymerase chain reaction (PCR) assays. Total RNA was isolated from the right temporal cortex using TRIzol reagent (Invitrogen) according to the manufacturer's protocol. Samples containing 2 Kg of RNA were reverse-transcribed with the AMV First Strand cDNA synthesis kit (Roche Diagnostics, North America, Indianapolis, IN) and random oligodeoxynucleotide primers. PCR assays were used to measure mRNA levels of hNOS3, rat (r) NOS1, rNOS2, rNOS3, Hu (neuron), myelin-associated glycoprotein 1, APP, mitochondrial cytochrome oxidase, subunit IV (COX), ATP synthase, uncoupling protein (UCP) 2, UCP4, and UCP5, peroxisomeproliferator activated receptors (PPAR) >, C, and F, choline acetyltransferase, and acetylcholinesterase.
PCR primer pairs were designed using MacVector 8.1 software (Accelrys, Inc., Oxford Molecular Ltd., Oxford, UK). Ribosomal 18S RNA levels measured in parallel reactions were used to calculate the relative abundance of each mRNA transcript (36, 37) . Ribosomal 28S RNA levels were also measured, and the corresponding 28S/18S ratios were calculated to further assess RNA integrity. PCR amplifications were performed in 25-KL reactions containing cDNA generated from 2.5 ng of original RNA template, 300 nmol/L each of gene-specific forward and reverse primers (Table) , and 12.5 KL of 2Â QuantiTect SYBR Green PCR Mix (QIAGEN, Inc.). The amplified signals were detected continuously with the Bio-Rad iCycler iQ Multi-Color RealTime PCR Detection System (Bio-Rad, Hercules, CA). The amplification protocol used was as follows: initial 15-minute denaturation and enzyme activation at 95-C, 45 cycles of 95-C Â 15 seconds, 55 to 60-C Â 30 seconds, and 72-C Â 30 seconds. Annealing temperatures were optimized using the temperature gradient program provided with the iCycler software.
In preliminary studies, SYBR Green-labeled PCR products were evaluated by agarose gel electrophoresis, and the authenticity of each amplicon was verified by nucleic acid sequencing. The cDNAs were cloned into PCRII vector (Invitrogen). Serial dilutions of known quantities of recombinant plasmid DNA containing the specific target sequences were used as standards in the PCR reactions, and the regression lines generated from the C t values of the standards were used to calculate mRNA abundance. To correct for differences in template loading, the ng ratios of specific mRNA to 18S were calculated (36, 37) , thereby providing indices of relative transcript abundance, which were used to make intergroup comparisons. Results were normalized to 18S because 18S is highly abundant, and the levels were essentially invariant among the samples, whereas housekeeping genes were frequently modulated by the disease state. Intergroup statistical comparisons were made using the calculated mRNA/18S ratios. Negative control studies included real-time quantitative PCR analysis of 1) template-free reactions; 2) RNA that had not been reverse-transcribed; 3) RNA samples that were pretreated with DNase I; 4) samples treated with RNase A before the reverse transcriptase reaction; and 5) genomic DNA.
Western Blot Analysis
Tissue samples were homogenized in 5 volumes of radioimmunoprecipitation assay buffer (50 mmol/L TrisHCl, pH 7.5, 1% Nonidet P-40, 0.25% sodium deoxycholate, 150 mmol/L NaCl, 1 mmol/L EDTA, and 2 mmol/L EGTA) containing protease (1 mmol/L phenylmethylsulfonyl fluoride, 0.1 mmol/L N-tosyl-l-phenylalanine chloromethyl ketone, 1 Kg/mL aprotinin, 1 Kg/mL pepstatin A, 0.5 Kg/mL leupeptin, 1 mmol/L NaF, and 1 mmol/L Na 4 P 2 O 7 ) and phosphatase (2 mmol/L Na 3 VO 4 ) inhibitors. Cellular debris was pelleted by centrifuging the samples at 14,000 Â g for 15 minutes at 4-C, and supernatant fractions were used in the studies. Protein concentrations were determined using the bicinchoninic acid assay (Pierce Chemical, Rockford, IL). Aliquots containing 60 or 100 Kg of protein were fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis using the Bio-Rad 16-cm Vertical Electrophoresis Apparatus (Bio-Rad) (38) . Although 25 or 50 Kg of protein can be analyzed by Western blotting, for our studies we used larger amounts to increase the signal-to-noise ratio and detect lower amounts of the proteins of interest in control temporal lobe samples. Proteins were transferred to polyvinylidene difluoride membranes, and nonspecific binding sites were adsorbed with SuperBlock-TBS (Pierce Chemical). The membranes were then incubated overnight at 4-C with primary antibody (0.5Y1 Kg/mL) diluted in Trisbuffered saline (50 mmol/L Tris and 150 mmol/L NaCl, pH 7.4) containing 1% bovine serum albumin and 0.05% Tween-20. Immunoreactivity was detected with horseradish peroxidase-conjugated secondary antibody and enhanced chemiluminescence reagents, and quantified by digital imaging with the Kodak Digital Science Imaging Station (DuPont-NEN Life Sciences Products, Inc., Boston, MA). FIGURE 3. Cerebral atrophy and neuronal loss with increased NOS3 expression in the temporal lobe. Brains from pups inoculated with p-Luc or p-hNOS3 were harvested 30 days after gene delivery. Histologic sections made at the level of the infundibulum were stained with hematoxylin and eosin and subjected to image analysis to measure the cross-sectional area (mm 2 ) (A) and cell density (per mm 2 ) in the temporal cortex (B) using Image-Maker Pro 3 software. Twelve samples were analyzed per group. Total RNA was extracted from temporal lobe homogenates (infundibulum level) and reversetranscribed, and the resulting cDNAs were used for real-time quantitative reverse-transcribed polymerase chain reaction to measure the mRNA levels of (C) Hu, (D) myelin-associated glycoprotein-1 (MAG-1), (E) choline acetyltransferase (ChAT), and (F) acetylcholinesterase (AChE) (see Materials and Methods section). The ng quantities of mRNA were normalized to 18S rRNA measured in the same samples. The group means T SEM corresponding to the relative levels of gene expression are depicted graphically. Intergroup differences were evaluated using Student t-tests and significant p values are indicated over the bars.
Source of Reagents
Monoclonal antibodies to p53 and A-actin were obtained from Oncogene Research Products (Cambridge, MA), and monoclonal antibodies to NOS3 were purchased from Transduction Laboratories (Lexington, KY). Polyclonal antibodies to Bax and GFAP were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Monoclonal antibodies to APP, APP-AA, and Tau were purchased from Calbiochem-Novabiochem (La Jolla, CA). Biotinylated secondary antibody and the ABC Elite kit used to perform immunohistochemical staining were purchased from Vector Laboratories. Oligodeoxynucleotide primers were commercially synthesized (Invitrogen).
Statistical Analysis
Graphs depict the means T standard errors of the means of results from up to 20 rats per group. Intergroup comparisons were made using Student t-tests. Data analysis was performed using the Number Cruncher Statistical System (Version 2002; Dr. Jerry L. Hintze, Kaysville, UT).
RESULTS
Time Course and Distribution of Gene Expression
In preliminary experiments, intracerebral/intraventricular gene delivery was performed using recombinant plasmid DNA expressing the LacZ gene, and Agalactosidase activity was detected by enzyme histochemistry. Although the DNA was inoculated into the right cerebral hemisphere and lateral ventricle, and increased Agalactosidase activity was initially (first 2 days) detected ipsilateral to the injection, over time (7Y14 days postinoculation), increased A-galactosidase was detected at similar levels in both cerebral hemispheres. Expression of the foreign gene was first detected in the choroid plexus and ependymal cells (24Y48 hours), followed by leptomeningeal vessels (48Y72 hours) and then the intracerebral microvasculature (48Y96 hours). Between 4 and 7 days after gene delivery, expression of the transgene persisted in the leptomeninges, choroid plexus, and ependymal lining cells, and gradually increased in various cell types distributed in both gray and white matter structures (Fig. 1) . The peak levels of A-galactosidase activity occurred by day 14. Thereafter, the levels gradually declined, although at the 30-day point, the levels were still elevated above control. This time line was used to investigate the effects of NOS3 overexpression in the brain.
Human NOS3 mRNA and Protein Expression After Intracerebral Gene Delivery
The real-time quantitative RT-PCR studies demonstrated increased levels of hNOS3 mRNA within 48 hours of gene delivery and persistently elevated levels of hNOS3 up to 30 days after injection of DNA. At the 30-day time point, significantly increased mean levels of hNOS3 mRNA were measured in brains injected with p-hNOS3 relative to the p-Luc-inoculated control brains (p = 0.0001) ( Fig. 2A) . In contrast, rNOS1, rNOS2, and rNOS3 mRNA transcripts were similarly abundant in both groups ( Fig. 2A) . Western blot analysis demonstrated progressively increased levels of NOS3 expression during the first 7 days after p-hNOS3 inoculation, and slightly lower levels of NOS3 protein expression by day 14 (Fig. 2B) . Although the NOS3 antibody cross-reacted with endogenously expressed rNOS3, the relatively low levels of NOS3 detected in control brains indicate that the contributions of endogenously expressed NOS3 to the Western blot signals were minimal. Western blot analysis demonstrated the expected~135 kDa band corresponding to NOS3 and prominently elevated levels of NOS3 30 days after p-hNOS3 gene delivery (Fig. 2C) . Digital imaging of the Western blot signals revealed uniformly low levels of NOS3 in p-Luc-transfected control brains, and high levels of NOS3 in brains inoculated with p-hNOS3 (Fig. 2D) . Statistical analysis demonstrated significantly higher mean levels of NOS3 protein in brains inoculated with p-hNOS3 relative to those inoculated with p-Luc (p = 0.00001) (Fig. 2E ).
Brain Tissue Studies
The histologic studies were focused on brains harvested 30 days after gene delivery. We used two independent approaches to estimate the extent and nature of NOS3-mediated neurodegeneration: two-dimensional morphometric analysis and molecular profiling of brain cell type-specific genes. The latter approach was developed to provide an objective, quantitative, and relatively rapid means of evaluating relative cell loss with neurodegeneration and was successfully used to characterize neurodegeneration in human cases and experimental animal models of AD (39Y41). Image analysis of hematoxylin and eosin-stained sections demonstrated that the mean crosssectional area and mean cell density (counting nuclei) were FIGURE 5. Increased proapoptosis and AD-associated proteins with NOS3 overexpression in brain. Temporal cortex tissue from p-Luc-or p-hNOS3-inoculated rats (day 30) was subjected to Western blot analysis to measure levels of p53 (A), Tau (B), APP (C), or A-actin (D). Molecular weight standards were included in all blots, and the position of the~50 or~75 kDa marker is shown at the left. Immunoreactivity corresponding to p53 (E), Tau (F), A-actin (G), and amyloid precursor protein (APP) (H) was quantified by digital imaging in arbitrary densitometry units (D.U.). In addition, APP (I) mRNA and 18S rRNA (J) levels were measured by real-time quantitative reverse-transcribed polymerase chain reaction (see Materials and Methods section). Graphs depict the group mean T SEM results from 10 p-Luc control and 15 p-hNOS3-injected rats. Intergroup differences were compared using Student t-tests, and significant p values are indicated over the bars.
significantly reduced in the temporal lobes of p-hNOS3-inoculated brains relative to the p-Luc inoculated control brains (Fig. 3A, B) . Real-time quantitative RT-PCR studies demonstrated significantly reduced expression of the Hu neuronal (Fig. 3C ) and choline acetyltransferase (Fig. 3E ) genes in p-hNOS3-inoculated relative to p-Luc-inoculated control brains. In contrast, there were no significant intergroup differences for myelin-associated glycoprotein-1 (Fig. 3D) or acetylcholinesterase (Fig. 3F ) mRNA transcript levels.
Immunohistochemical staining studies demonstrated increased NOS3 immunoreactivity in vessel walls and parenchymal cells in the p-hNOS3-injected relative to control brains (Fig. 4A, B) . In addition, the p-hNOS3-inoculated brains had increased immunoreactivity for GFAP (Fig. 4C, D) , single-stranded DNA, reflecting increased DNA damage (Fig. 4E, F) , Bax (proapoptosis; Fig. 4G, H) , p53 (proapoptosis; Fig. 4I, J) , and APP-AA (Fig. 4K, L) . Importantly, p53, Bax, and single-stranded DNA immunoreactivities were localized in nuclei of various cell types within the cortex and white matter of p-hNOS3-injected brains, reflecting broadly increased proapoptosis gene expression and DNA damage with NOS3 overexpression. The increased GFAP immunoreactivity associated with NOS3 overexpression was distributed in the subpial, perivascular, and periventricular zones and within the neuropil and white matter parenchyma and may have reflected an earlier wave of neuronal loss as demonstrated by the reduced levels of Hu and lower mean cell densities detected by image analysis of the temporal lobes. Studies of brains harvested at earlier time periods suggest that the NOS3-mediated neuronal death occurred mainly within the first week after gene delivery (data not shown).
Effect of NOS3 Alzheimer Disease-Associated Proteins
Corresponding with the immunohistochemical staining results, Western blot analysis demonstrated increased levels of p53 protein expression in brains transfected with p-hNOS3 relative to p-Luc-transfected control brains (Fig. 5A) . The Western blot signals were quantified by digital image densitometry. Student t-test analysis demonstrated significantly higher mean levels of p53 protein in the p-hNOS3-treansfected brains relative to control brains (p = 0.005) (Fig. 5E) .
Tau protein was detected in all samples by Western blot analysis. However, in brains inoculated with p-hNOS3, the levels of Tau protein were increased, and the Western blot signals had a broad size range (~45Y75 kDa) compared with the expected~50-kDa band detected in control brains (Fig. 5B) . Digital image analysis of the autoradiographs demonstrated significantly higher mean levels of Tau in brains transfected with p-hNOS3 relative to those inoculated with p-Luc (p = 0.0008) (Fig. 5F ). The super-shifted bands (>50 kDa) were interpreted to represent phospho-Tau, and, correspondingly, additional studies demonstrated increased phospho-Tau immunoreactivity in the p-hNOS3-inoculated brains (Supplementary Fig. 1 ).
Studies were done to characterize the effects of NOS3 overexpression on APP expression. Western blot analysis demonstrated significantly increased levels of APP (Fig. 5C, H) (p = 0.0009) immunoreactivity in brains transfected with p-hNOS3 relative to those transfected with p-Luc. Correspondingly, real-time quantitative RT-PCR analyses demonstrated significantly higher levels of APP mRNA (Fig. 5I) , and immunohistochemical staining demonstrated increased levels of APP-AA immunoreactivity (Fig. 4K, L) in the p-hNOS3-inoculated-brains relative to control brains. In contrast, A-actin protein (Fig. 5G ) and 18S rRNA (Fig. 5J ) levels were similar in the p-hNOS3-transfected and p-Luc-transfected brains.
To determine whether the NOS3 overexpression resulted in increased glycogen synthase kinase 3A (GSK-3A) FIGURE 6. NOS3 overexpression increases glycogen synthase kinase 3A (GSK-3A) activity. Temporal cortex tissue was subjected to Western blot analysis to measure (A) total GSK-3A, and (B) phospho (p)-GSK-3A. Each lane in the representative blots shown corresponds to an individual rat brain. The position of the~50 kDa molecular weight standard is shown at the left. Immunoreactivity was quantified by digital imaging in arbitrary densitometry units (D.U.), and the graphs depict the mean T SEM levels of GSK-3A (C) and p-GSK-3A (D) and the calculated mean T SEM ratios of p-GSK-3A and GSK-3A (E) in corresponding samples from 12 p-Luc control and 15 p-hNOS3-injected rats. Intergroup differences were evaluated using Student t-tests, and significant p values are indicated over the bars. activity, the levels of phospho (p)-GSK-3A and total GSK-3A proteins were measured by Western blot analysis. Because p-GSK-3A is inactive, the ratio of p-GSK-3A to total GSK-3A provides an index of GSK-3A activity. Thus, a relatively low level of p-GSK-3A indicates increased GSK-3A activity, whereas a relatively high level of p-GSK-3A corresponds to reduced GSK-3A activity. Western blot analysis demonstrated only slightly higher levels of total GSK-3A (Fig. 6A, C) but significantly reduced levels of p-GSK-3A (Fig. 6B, D) (p = 0.02) in the p-hNOS3-transfected brains relative to control brains. In addition, the mean calculated ratio of p-GSK-3A/total GSK-3A was significantly reduced, reflecting higher GSK-3A activity in the p-hNOS3-transfected brains relative to the p-Luc-transfected control brains (Fig. 6E) (p = 0.005) .
Effects of NOS3 Overexpression on Genes Associated With Neuronal Survival and Neuroprotection
Real-time quantitative RT-PCR analysis was used to measure mRNA levels of mitochondria-encoded COX, ATP synthase (subunit 5), UCP2, UCP4, and UCP5, and nuclearencoded PPAR->, PPAR-C, and PPAR-F because these genes, along with NOS3, were demonstrated to be aberrantly expressed in AD (42) . The studies demonstrated significantly reduced mean levels of ATP synthase (Fig. 7A) (p = 0.008) in the p-hNOS3-transfected brains relative to control brains. In contrast, the mean levels of COX mRNA were similar for the two groups (Fig. 7A) . The three isoforms of UCP were differentially expressed in the brain such that UCP2 was the least abundant, UCP4 was intermediate, and UCP5 was the most abundant of the mRNA transcripts (Fig. 7B) . Intergroup comparisons demonstrated no significant differences in the mean levels of UCP2, UCP4, or UCP5 between the phNOS3-and p-Luc-transfected brains. Studies of PPAR mRNA revealed very low levels of PPAR->, and relatively high levels of both PPAR-C and PPAR-F in the cerebral cortex. Intergroup comparisons demonstrated significantly increased mean levels of PPAR-C (p = 0.009) and PPAR-F (p = 0.04) in the p-hNOS3-transfected brains relative to the p-Luc-inoculated control brains (Fig. 7C) .
DISCUSSION
In AD, NOS3 expression is strikingly increased in corticolimbic structures, which represent major targets of neurodegeneration (31Y33). In Down syndrome, abnormally increased NOS3 expression begins early in the course of AD-type neurodegeneration (31Y33). The concept that NOS3 may also have a pivotal role in other aging-associated human neurodegenerative diseases was suggested by the finding of increased NOS3 expression in brains with Parkinson disease, diffuse Lewy body disease, Pick disease, amyotrophic lateral sclerosis, and multiple system atrophy and principally within the structural targets of neurodegeneration (33) . Importantly, the aberrantly increased levels of NOS3 overlapped with the distributions of increased p53 and Fas (32, 33, 43) , which are proapoptotic, and with nitrotyrosine, a marker of peroxynitrite (33) that causes oxidative injury, mitochondrial dysfunction, and neuronal death (35) .
In the present study, we used a novel gene transfer model to examine the effects of NOS3 overexpression in vivo, and determined the extent to which AD and other neurodegenerative disease-associated neuropathologic and molecular abnormalities were caused by increased NOS3 expression. Quantitative real-time RT-PCR and Western blot assays confirmed the increased levels of human NOS3 in the rat brains and persistent expression of the transgene for up to 30 days. The prolonged period of foreign gene expression observed is reminiscent of results obtained by intramuscular injection of plasmid DNA for DNA-based immunization (44Y46), suggesting that postmitotic cells can retain and express recombinant plasmid DNA for long intervals after transfection. Therefore, this model permits the study of short-and long-term effects of overexpressing or depleting specific genes in the otherwise normal brain. The degree to which NOS3 expression was increased relative to control was similar to findings in AD and other neurodegenerative diseases (31, 33) . However, individual variation was attributed to variability in transfection efficiency.
The molecular and immunohistochemical staining studies demonstrated that constitutive overexpression of NOS3 in the brain caused neuronal loss with gliosis, associated with increased indices of DNA damage and the propensity for apoptosis, as occur in AD and other types of neurodegeneration (21, 22, 28, 29, 47, 48) . These findings correspond with previous observations demonstrating that NOS3 overexpression (35) or oxidative injury itself (35, 49Y56) causes DNA damage, mitochondrial dysfunction, and proapoptosis gene activation in neurons and support the hypothesis that enhanced NOS3 expression mediates neuronal loss in AD (32, 33, 43) . Alternatively, the effects of increased NOS3 expression on neuronal death may be indirect and caused by increased p53-and Bax-mediated proneness for apoptosis as previously suggested for AD (27) .
In brains inoculated with p-hNOS3, the increased levels of Tau with no alterations in A-actin suggest that Tau may selectively accumulate in brains with NOS3 overexpression. In addition, the increased levels of phospho-Tau could be explained by both increased Tau accumulation and increased GSK-3A activity. In AD, increased Tau phosphorylation is due to activation of proline-directed kinases including mitogen-activated protein kinases, cyclindependent kinase-5, and GSK-3A (57, 58), but Tau phosphorylation is also increased by oxidative stress activation of GSK-3A (59, 60) . Therefore, the increased Tau and phosphoTau in p-hNOS3 inoculated brains may reflect responses to NOS3-induced oxidative stress.
The increased APP gene expression in p-hNOS3-inoculated brains corresponds with recent findings in sporadic AD (40, 41) and established findings in Down syndrome (61) . In sporadic AD, increased APP-AA immunoreactivity is associated with upregulation of both the NOS3 and APP genes (40, 41) . In Down syndrome, APP is overexpressed due to an extra copy of the Down syndrome locus, and NOS3 gene upregulation coincides with progressive accumulation of APP-AA in the brain (61) . Moreover, previous in vitro studies showed that overexpression of NOS3 causes APP gene upregulation and increased APP-AA immunoreactivity (35) , as observed in the p-hNOS3 inoculated brains. Together, these observations suggest that NOS3 and APP overexpressions are linked in human disease and experimental models and that constitutively increased expression of APP is sufficient to promote APP-AA accumulation, with no requirement for mutation of the APP gene or its regulatory/modifying genes (62Y64). The mechanisms underlying this effect again may be increased oxidative stress, which promotes APP cleavage and generation of APP-AA immunoreactive C-terminal fragments (65, 66) .
In AD, neuronal loss in the brain is correlated with DNA damage, mitochondrial dysfunction, and reduced mitochondrial gene expression (23, 67, 68) . In vitro studies also showed that NOS activation or upregulated gene expression impairs mitochondrial gene expression and function due to increased mitochondrial DNA damage, intracellular accumulation of reactive oxygen species, and stimulation of proapoptosis mechanisms (35, 69Y71) . To determine whether the same phenomena occur in vivo and whether compensatory mechanisms are activated in response to mitochondrial dysfunction, mRNA levels of COX4, ATP synthase, UCP, and PPAR were measured. The results demonstrated that ATP synthase expression was significantly reduced in the p-hNOS3-transfected brains, consistent with a previous report demonstrating NO-mediated inhibition of ATP synthase (70) . Because ATP synthase (Complex V) catalyzes the synthesis of ATP from ADP and Pi in the mitochondria, reduced levels of ATP synthase expression could lead to insufficient energy required for functions such as glucose transport and maintenance of cell membrane integrity.
UCPs dissipate the electrochemical gradient and allow electron transport while inhibiting ATP synthesis and are increased in response to oxidative stress. In this regard, recent studies demonstrated a neuroprotective role for UCP2 in relation to oxidative injury (72) . In neuronal cells, brainspecific UCP4 and UCP5 have a more dominant role than UCP2 for protecting against oxidative stress (73) , and, therefore, we expected that UCP4 and UCP5 expression levels would be up-regulated in response to increased levels of NOS3 in the brain. However, this was not the case as no significant differences in the mean mRNA levels of UCP2, UCP4, or UCP5 were detected between the p-hNOS3-and p-Luc-transfected brains. One potential explanation for this result is that ATP synthase expression was already reduced and therefore, uncoupling of oxidative phosphorylation might not have been a beneficial response for cells in an energy-deficient state.
PPARs have important roles in protecting cells from the adverse effects of lipid peroxidation (74Y76). Lipid peroxidation is a recognized consequence of oxidative stress, and consequently, lipid peroxidation products are increased in brains with AD or other neurodegenerative diseases (77Y79), as well as in experimental NOS-induced mitochondrial dysfunction and oxidative stress (9) . The studies herein demonstrated that PPAR-C and PPAR-F were more abundantly expressed than PPAR-> and that the mean levels of both PPAR-C and PPAR-F were significantly higher in brains inoculated with p-hNOS3 than with p-Luc. These results suggest that chronically increased levels of NOS3 and oxidative stress can drive compensatory increases in PPAR gene expression, possibly as a cytoprotective response. It is tempting to speculate that treatment with the appropriate ligands may further improve the viability and function of neuronal cells at risk for NOS3-mediated neurodegeneration, as recently suggested (80, 81) and as demonstrated experimentally through the therapeutic use of PPAR agonists (82, 83) , including use in another model of AD-type neurodegeneration (84) .
The aggregate findings suggest that NOS3 overexpression in the brain causes tissue injury, gliosis, activation of proapoptotic mechanisms, and molecular abnormalities linked to AD-type neurodegeneration including reduced levels of mitochondrial gene expression and increased levels of phospho-Tau, APP, APP-AA, and GSK-3A activity. It
